INTRODUCTION
Microwave integrated circuits (MICs) are integrated circuits designed at frequencies of approximately 1 GHz or more. These MICs provide a significant opportunity to integrate and miniaturize the microwave subsystems and systems compared to those which are based on waveguide components. There are two distinct types of MICs: hybrid MICs and monolithic MICs. A hybrid MIC contains one layer of metallization for conductors and transmission lines, with discrete components (resistors, capacitors, transistors, diodes, etc.) bound to the substrate. It provides a very flexible and cost-effective means for circuit implementation. On the other hand, MMICs are a more recent development, where the active and passive circuit elements are grown on the substrate. The substrate is a semiconductor material, and several layers of metal, dielectric and resistive films are used. However, HMICs have several advantages over MMICs such as small size, light weight, good performance, high reliability, standard packages and easy to be mounted [1] . It can be widely used in T/R modules, up/down converters and can also be used directly in hybrid analog-digital integrated digital components.
At microwave frequencies (1 GHz or more), the circuit dimensions become comparable to an order of the wavelength which influences the performance of MICs [2] [3] . This further reflects on the choice of the materials that are used to fabricate the MICs. Therefore, as compared to the low frequency circuits, the quality requirements are more challenging for the materials used for the fabrication of MICs. Moreover, in fabrication of HMICs, substrate plays an important role and with the development of fabrication techniques, the number of materials used as substrate for HMICs has been increased [4] [5] . This provides a new challenge for optimum selection of materials for HMICs, and hence a systematic approach for material selection is needed.
Material selection is a critical step in the design of any engineering product because the overall goal of a design is to achieve specific performance characteristics of the device. This goal can be achieved by using an effective, well established and widely accepted decision making approaches: MODM and MADM [6] [7] [8] [9] . Ashby's approach is based on MODM which uses material selection charts plotted between competing material parameters based on various performance indices. TOPSIS is based on MADM that concentrates on problems with discrete decision spaces, and alternatives are defined explicitly by a finite list of attributes. Both these approaches are used for the selection of substrate material for HMICs.
The key performance indices are identified, and these competing factors are compared for various materials. The novelty of this work lies in the fact that the well established material selection approaches are used to select the proper substrate material, which was not reported so far.
This paper is organized as follows: Section 2 explains the substrate materials used for HMICs and material selection techniques, Section 3 presents the description about the performance and material indices, Section 4 explains the results obtained using both the methodologies for material selection, and finally Section 5 discusses the conclusion of the study.
MATERIALS AND TECHNIQUES
For MICs various material parameters such as surface roughness, relative dielectric constant, loss tangent, thermal conductivity and dielectric strength are important and must be evaluated [5] . For HMICs, Silicon (Si), Gallium Arsenide (GaAs), Indium Phosphide (InP), Alumina (Al 2 O 3 ), Beryllia, Fused Silica, Sapphire, Woven PTFF/Glass, PTFE/Glass, Polyolefin, and Ferrite/Granite are commonly used for substrates [5] . The ideal substrate materials for microwave microcircuits should possess certain material characteristics which are: high dielectric constant, low loss tangent, high resistivity and dielectric strength and high thermal conductivity. These properties for all possible candidate materials are given in Table 1 . Besides material characteristics, the performance of the device also depends on chemical and physical properties of the substrate materials such as high purity, constant thickness, and high surface smoothness. In material selection analysis, Ferrite and Granite have been discarded from the possible group of substrate materials because they have unacceptably low thermal conductivity and dielectric strength and skew the selection chart hindering its proper interpretation to select the most appropriate material for HMICs.
Ashby's material selection technique is instrumental in identifying the most appropriate material for optimum performance depending upon the mechanical, electrical and thermal attributes of the material. Ashby's material selection approach involves five steps, as illustrated in Fig. 1 . In the first step, the design requirements are translated into the objectives that are necessary to optimize the device performance and the constraints that material must meet. In the second step, the wide choices of possible materials are confined, first by applying the constraints which screen out the materials that do not fulfil the design requirement and then by considering the material indices. In the third step, ranking is provided to the material based on their ability to fulfil the objective and to provide the better performance. In the next step, the supporting information for the shortlist material termed as a prime candidate is explored and the final result of the best suitable material is compared with the supporting experimental data. Material selection through performance indices is carried out by plotting one material property on each axis of the material selection chart [8, 10] . The design of a component under consideration is specified by three parameters: functional requirements, geometrical properties, and material properties. The performance of an element is described by:
Here, P describes the performance of the element, and f describes the functions of the functional requirement (F), geometrical properties (G), and material properties (M), respectively.
Here, element performance is described by individual functions of F, G, and M. Hence, the optimum subset of material can be identified by a single functional requirement. For F and G, the performance can be optimized by optimizing the appropriate material indices. This optimization is conventionally performed using graphs with axes corresponding to different material indices or material properties.
In TOPSIS method, two artificial alternatives are hypothesized. One, which has the best attribute values, is taken as an ideal alternative, while the other one, which has the worst attribute values, 
where λ 0 is the vacuum wavelength and λ is the wavelength of the propagating mode on the microstrip. So, the first material index related to the dielectric loss is:
The filling factor q of the microstrip is defined by:
where U 1 is the electric field energy stored in the dielectric and U is the total electric field energy of the microstrip. If the partial derivative of the total electric field energy U is computed with respect to the relative dielectric constant ε 1 of the substrate, the following result is obtained:
The filling factor q is now given by:
.
The effective loss tangent of the microstrip is:
with tan(δ) being the loss tangent and δ being the loss angle of the dielectric substrate. So, the second material index related to dielectric loss is: is considered a negative ideal alternative. TOPSIS selects the alternative that is the closest to the ideal solution and farthest from the negative ideal solution. The steps for using the TOPSIS approach are given in Gupta [9] .
PERFORMANCE INDICES

Dielectric loss
The dielectric loss in microstrip or suspended microstrip transmission lines is an important
The unloaded dielectric quality factor Q D of the microstrip is:
The dielectric attenuation in dB per unit length is given by: (9) with λ being the microstrip wavelength .
So, the third material index related to dielectric loss is:
Therefore, the first performance index related to dielectric loss is:
Electrical loss
Electrical loss is another important performance index related to loss in MICs, which can be reduced significantly by choosing suitable substrate material having good conductivity. Power dissipated in the substrate is given by [12]:
where I is the average current in the substrate and R is the effective substrate resistance given by [11] :
,
where β is a constant and related to the current crowding in the substrate and ρ is the electrical resistivity of the substrate. From (12) and (13) we can conclude that power loss in substrate is directly proportional to the electrical resistivity of the substrate material. Therefore, the fourth material index related to the power loss is:
Therefore, the second performance index related to electrical loss in MICs is:
Thermal residual stress For high frequencies, the substrate material in HMICs experiences the temperature change due to self-heating which causes further change in thermal residual stress which is given by [11] . Δσ = EΔαP loss R TH , (16) where Δα is the difference in thermal expansion coefficient between the substrate and conductor, P loss is the loss in MIC, and R TH is the thermal resistance which is given by [11] :
(17)
where K is the thermal conductivity and ε is the non-uniform temperature distribution. The product of electrical and thermal resistances of the substrate material (R · R TH ) produces the self-heating in the substrate material of hybrid MICs. From the above two equations we therefore conclude that the fifth material index is:
(18) Therefore, the third performance index related to the thermal residual stress in the substrate of hybrid MICs is:
(19)
RESULTS AND DISCUSSION
Out of the five parameters tabulated in Table 1 , relative dielectric constant, loss tangent, and thermal conductivity are of primary importance in determining the appropriate substrate material for hybrid MICs [9] . Hence, Ashby's charts will be plotted for these three parameters only, and remaining parameters are used to make final decision between top two outcome materials.
Asbhy's approach
The optimal performance of hybrid MIC material varies with different performance indices. The material selection graphs are used to select the optimal candidate for HMICs material and also used to identify the trade-offs between the conflicting material indices. The desirable properties of the substrate materials used in hybrid MICs are: high dielectric constant, high thermal conductivity, and low loss tangent. Figure 2 shows a plot of relative dielectric constant (at 25 °C) versus loss tangent (measured at 10 GHz) for the materials under consideration. It is known that high dielectric constant with low loss tangent is the desired. It is observed from the graph that Sapphire is the best candidate that fulfil this requirement followed by high-purity Alumina. Figure 3 depicts the variation of thermal conductivity with loss tangent (measured at 10 GHz) for the materials under consideration. It is observed that Sapphire followed by high-purity Alumina possess the highest thermal conductivity and lowest loss tangent. Figure 4 shows the variation of relative dielectric constant (at 25 °C) with thermal conductivity for the materials under consideration. It is observed that Sapphire and high-purity Alumina have the highest thermal conductivity and highest relative dielectric constant. Thus, Sapphire followed by high-purity Alumina (99.5 percent pure or better) are good candidates for substrate material in hybrid MICs. Also according to Table 1 , it appears that surface roughness of Sapphire is better than Alumina, though the dielectric strength of both these materials are the same.
Therefore, Sapphire is the most appropriate choice of substrate material for HMICs. This fact is verified in the following sections via the TOPSIS approach.
TOPSIS approach
In order to verify the outcome of the result from the Ashby's approach, MADM approach -TOPSIS is used. The various relevant properties of different possible materials have already been tabulated in Table 1 .
Step I:
The normalized decision matrix based on the various properties is: Step II: The second step in the TOPSIS method is to assign weights to the various properties on which the various materials under consideration are being compared, and thus construct the weight matrix. Relative dielectric constant and loss tangent are the most important parameters, followed by thermal conductivity, dielectric strength, and surface roughness [9] . Hence, the highest weight is given to the parameter which is the most essential:
Step III:
With the normalized decision matrix and weight matrix, the weighted normalized matrix can be generated as follows: Step IV: From the above weighted normalized matrix, the value of separation variables was found out to be: The ideal solutions are given in Table 2 . The ranks are assigned according to the 'C' values. The material with the highest 'C' value was given the best rank. Table 2 shows that Sapphire possesses the highest 'C' value followed by Alumina thus; Sapphire is the most appropriate choice as substrate material for HMICs. The proposed outcome of this study is compared with the findings of Keister [5] . The close match between the two studies validates the proposed methodology.
CONCLUSIONS
Two material selection methodologies, Ashby's approach and TOPSIS, were used for selecting the best material for substrate in HMICs. The material parameters which were considered for selection were surface roughness, relative dielectric constant, loss tangent, thermal conductivity, and dielectric strength. The possible materials that were considered were Silicon (Si), Gallium Arsenide (GaAs), Indium Phosphide (InP), Alumina (Al 2 O 3 ), Beryllia, Fused Silica, Sapphire, Woven PTFF/Glass, PTFE/Glass, Polyolefin, and Ferrite/Granite. Both the methodologies show that Sapphire followed by high-purity Alumina (99.5 percent pure or better) are good candidates for substrate material in hybrid MICs. The surface roughness of Sapphire is better than that of Alumina, though the dielectric strength of both these materials is same. A comparison between two different methods for material selection shows consistency between the two methods of material selection. So, this paper provides a good solution to a design engineer to fabricate the HMICs which can be operated even at microwave frequencies. 
